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Fibronectin (FN) is a major component of host extracellular matrix that may play an important role in the 
initiation and dissemination of Candida albicans infections. Expression of FN binding requires growth of G 
albicans blastoconidia in complex medium, and the regulation of FN receptor expression is poorly understood. 
We now demonstrate that hemoglobin is a potent and specific inducer of FN receptor expression and describe 
a defined medium supplemented with hemoglobin that greatly and stably enhances the binding activity of C. 
albicans for soluble FN. Enhancement of FN binding by hemoglobin in strain 44807 was concentration 
: dependent and was maximal at 0.1% hemoglobin with 20- to 80-fold enhancement. The hemoglobin-induced FN 
• t binding to G albicans was saturable, with a K d of 2.7 x 10~ 8 M. Enhancement required growth of G albicans 

in hemoglobin-containing medium, since simply exposing blastoconidia to hemoglobin in a nongrowing status 
did not enhance binding. Induction was reversible following removal of hemoglobin from the growth medium 
and not associated with germination. Inorganic or protein-bound iron was not sufficient for the induction, since 
other iron-containing proteins or inorganic iron salts were inactive. Growth in the simple medium yeast 
^iJ^J,^.nkrogen^-base.-:Supplemented,with hemoglobin increased cell adhesion to immobilized FN and to cultured 
V monolayers of bovine corneal endothelial cells. These data suggest that hemoglobin may be an important 
• ^ ; regulator of FN binding activity in G albicans and thus may play a role in its pathogenesis. 



~$?Caiidida albicans \s an opportunistic pathogen of humans 
tiiat causes a variety of diseases, from superficial candidiasis to 
deep-seated, infections such as endocarditis and nephritis in 

: iin^unocomprqmised hosts (6, 14, 27). Adhesion of C albicans 
to hostltissues, mediated through binding to various extracel- 
lular matrix proteins such as fibronectin (FN) and laminin, is 
correlated with pathogenicity (6, 17, 20, 27, 29, 30). In common 
with mammalian cells (5, 30, 36) and some pathogenic bacteria 
^3, 34); several domains of FN are recognized by C. albicans. 
"The Arg-Gly- Asp motif and additional sites in the cell-binding 
domain and in the Collagen- and fibrin-binding domains of FN 
can. mediate binciing in solution or adhesion of C. albicans to 
substrates (21-23, 27,29). These interactions may be mediated 
byldisqrete receptors or a single promiscuous receptor. Several 
candidate receptqrsfor FN have been identified on C. albicans, 
including homologs.pf mammalian integrins (16, 33) and 60- 
and405-kDa glycoproteins (21). 

Identification and characterization of these and novel recep- 
tdrsior FN have been limited by the variability of their expres- 

_sionJn clinical isolates^and laboratory strains. Our laboratory 
/experience (27). and that of others (22) indicated that the 
ability of G albicans Xo bind FN varies greatly between differ- 
ent lots of individual media and is influenced by growth density 

r;bf :yeast rxelis, ; growth > temperature,, : and shear rate during 
growthvlMorepy_er t ; f r^ is observed after growth in a 

- comple^ Sabouraud broth, but not in b!asto : 

conidia'grown in defined medium. . 

: In an attempt to stabilize the expression of a C albicans FN 
receptor(s) in pur Jabpratory, we tested the role of specific 
medium components^ in the induction of FN binding during 
. growth', in defined. media. The purpose of this study was to 
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develop a medium that would allow stable expression of FN 
binding activity in C. albicans. Among the supplements used, 
human hemoglobin was found to specifically enhance binding 
of FN to G albicans. Candida cells grown in hemoglobin- 
containing medium demonstrated an increased adhesion to 
immobilized FN as well as to endothelial cells. Identification of 
hemoglobin as an inducer of FN receptors on Candida cells 
may facilitate further characterization of FN-mediated adhe- 
sion and its role in pathogenesis of C. albicans infections. 

MATERIALS AND METHODS 

Strains and growth conditions. C albicans ATCC 44807 was used throughout 
this study unless otherwise specified. Its binding to FN has been well character- 
ized in Sabouraud medium (27). Other Candida strains were collected from 
clinical patients from the NCI Pediatric Branch, Bethesda, Md. Cultures were 
grown routinely in freshly prepared Sabouraud broth for 20 h at 26°C on a 
rocking platform except where otherwise indicated. The stationary-phase bias* 
toconidia were aliquoted and frozen at -70°C until used. For each experiment, . 
the organisms were thawed, inoculated into 6 ml of specified medium with or 
without supplements, and incubated as described above for 20 to 48 h. Under the 
growth conditions with all media used, no germination was found upon micro- 
scopic examination. 

Medium modification and supplements. Three commonly used media for 
fungal growth were assessed in terms of their influence on the FN binding ability 
in C. albicans. BBL modified Sabouraud broth (antibiotic medium 13) was 
purchased from Becton Dickinson Microbiology Systems (Cockeysville, Md.), 
yeast nitrogen base (YNB) was from Difco Laboratories (Detroit, Mich.), and 
Lcc Buckley Campbeil (LBC) broth was from the NIH Media Unit (Bethesda, 
Md.). Of these media, Sabouraud broth is a complex, undefinable medium^ 
whereas YNB and LBC contain only defined low-molecular-weight nutrients (1). 
A number of host proteins added to defined media were tested for their ability 
to influence the binding of FN to C. albicans. Blastoconidia were incubated in 
medium supplemented with 1 mg of human hemoglobin, horse heart myoglobin, 
human gamma globin, bovine serum albumin (BSA), human transferrin, a-casein 
from bovine milk, or human a-acid glycoprotein per ml and processed as de- 
scribed above. Optimal binding of C albicans to FN induced by hemoglobin was 
obtained with YNB medium prepared at four times the normal concentration 
(I). 

High- and low-molcculur-weigbt components of Sabouraud broth, Pcptarmn. 
;ind Casitone (purchased from Difco Laboratories) were separated by dialy«« 
against distilled water overnight at 4°C in dialysis tubing with a molecular weight 
cutoff of 10,000. These components were then lyophilizcd, reconstituted in water ■ 
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to the original volume,, and' sterilized by nitration. FN binding activity was 
determined in Candida cells grown In Sabouraud broth or high- or low*M r 
components of Sabouraud medium. In addition, various supplements of cither 
inorganic salts or proteins were added to simple medium, and their influence on 
Candida binding to FN was determined. All inorganic salts and proteins used in 
this study were purchased from Sigma Chemical Co. (St. Louis, Mo.) unless 
otherwise indicated. 

FN binding assay. FN was purified from frozen human plasma as described 
previously (27). Iodination of FN or other proteins (with a specific activity of 1 
to 2 p,CiAig) was accomplished by using lodogcn (Pierce, Rockford, HI.), and 
unbound iodine was removed by passage through a PD-10 column (27). In a 
typical binding assay, 2 x I0 ft C albicans cells were exposed to ,W !-FN at a final 
concentration of 0.5 |xg/ml in a total volume of 200 u.1 of Dulhccco's phosphate- 
buffered saline (DPBS) without CaCI 2 and MgCl 2 but with 0.1% BSA (pH 6.0) 
in a polypropylene tube and incubated for 3 h with shaking on a rotary plate at 
160 rpm. The cell suspensions were transferred to microtubes, and blastoconidia 
were separated from unbound 123 t-FN by centrifugation through 100 jxl of an oil 
mixture of dibutyl phthalate-dioctyl phthalate (2:1). Radioactive FN bound to 
the cell pellet was counted in a gamma counter (Packard Instrument Co., Down- 
ers Grove, III.). 

Cell adhesion assay. Bovine corneal endothelial cells (26) were grown on 
eight-well glass Chamber Slides (Nunc, Inc., Naperville, III.) to confluence in 
Dulbecco's modified essential medium supplemented with 10% fetal calf serum, 
1% glutamine, and both penicillin and streptomycin at 35°C C albicans cells 
were prepared in YNB medium with or without 0.1% hemoglobin as described 
above. For adhesion assays, endothelial cells on Chamber Slides were gently 
washed three times with DPBS (pH 7.2; without CaCl 2 and MgCK) and incu- 
bated with C. albicans in DPBS (2 x 10 6 CFU/ml) for 2 h at room temperature 
without shaking. Chamber Slides without bovine corneal endothelial cells served 
as a control for testing nonspecific adhesion by G albicans. At the end of the 
incubation, unattached Candida cells were removed by gently washing three 
times with DPBS. Cells on the slides were fixed by incubation with 1 % glutar- 
aldehyde in DPBS and stained with DiffQuick (Baxter Scientific Products. Mi- 
ami, Fla.). Adhesion was expressed as the number of Candida cells (excluding 
cell aggregates with more than 4 cells), per square millimeter, attached to either 
endothelial cells or immobilized FN. The latter was prepared by adding 200 p.1 of 
FN solution to each well of the Chamber Slides and incubating the slides at 4°C 
overnight. . ; 



RESULTS 

Comparison of media in the induction of FN binding activ- 
ity.: Of the three media tested, C albicans blastoconidia grown 
in Sabouraud broth for 20 to 48 h produced the highest FN 
binding activity (Fig. 1A). Sabouraud medium is a complex 
medium, whereas the LBC and YNB media are defined media. 
C. albicans grown in the high-A/ r portion of Sabouraud broth 
demonstrated a higher activity in binding to FN than those 
grown in the low-A/ r fraction (Fig. IB), suggesting that the 
high-M r components of Sabouraud medium are necessary for 
the expression of FN binding activity. 

Peptamin and Casitone are the two complex ingredients 
contained in Sabouraud medium. Peptamin and Casitone were 
separated into high- and low-M r components t by dialysis, and 
their effects on the -expression of binding to FN were also 
assessed in defined media. Growth of C albicans in the 
high-A/ r components of Peptamin increased binding to FN 
similar to that in the high-A/ r components of Sabouraud broth, 
whereas ^growth in the high-M r components of Casitone re- 
sulted in a smaller increase. In contrast, the low-M r compo- 
nents of Sabouraud broth, Peptamin, or Casitone did not en- 
hance it FN binding activity (data not shown). These results 
indicated that high-M r components of Peptamin played a ma- 
jor role in the higher FN binding activity of G albicans grown 
in Sabouraud medium relative to those grown in LBC or YNB 
containing only low-A/ r nutrients. 

Hemoglobin enhancement of Candida FN binding activity. 
Peptamin is a proteolytic digest of animal tissues. Although the 
high-A/ f components of Peptamin demonstrated an enhance- 
ment in FN binding to C albicans, its contents are still far too 
complex to define. On the basis of the observation that sup- 
plementing simple media with high-A/ r fractions of Peptamin 
moderately stimulated Candida binding to FN, several host 
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FIG. 1. Effect of growth medium on FN binding to C albicans. C albicans 
ATCC 44807 cells were inoculated into Sabouraud broth, LBC medium, or YNB 
medium (A) or into Sabouraud broth and its separated high- and low-molccular- 
wcight components (HMW and LMW, respectively) from dialysis (B) and incu- 
bated overnight at room temperature on a rocking platform. FN binding activity 
from these cultures was assayed by incubating 2 x 10 ft Candida cells with 125 1- FN 
in DPBS in a total volume of 200 u.1 for 3 h at room temperature. The bound 
radioactivity was quantified as described in Materials and Methods, and the data 
are presented as means ± standard deviations (« = 3). 



proteins that C albicans may encounter were tested for their 
influence on FN binding activity. Of the proteins tested, only 
hemoglobin (1 mg/ml) strongly enhanced FN binding. Gamma 
globulin, globin, and myoglobin demonstrated a moderate en- 
hancement. However, no noticeable enhancement was ob- 
served for other proteins examined, including human a-acid 
glycoprotein, bovine ot-casein, human holotransferrin and apo- 
transferrin, and BSA (Fig. 2). Other than hemoglobin, myo- 
globin was the only iron-containing protein tested that slightly 
enhanced FN binding to C albicans. However, this slight en- 
hancement was not consistently observed. Binding of Candida 
cells grown in the presence or absence of hemoglobin to ra- 
diolabeled BSA or human a-acid glycoprotein did not dem- 
onstrate an enhancement similar to that of FN binding (Fig. 2, 
insert). 

Hemoglobin is a tetrameric protein composed of globin sub- 
units and heme groups. At a molar concentration equal to that 
of the iron contained in 0.1% hemoglobin, inorganic ferrous 
ion, protoporphyrin IX, and hemin were tested individually or 
in combination with globin supplemented in YNB medium. 
Although globin plus ferrous ion moderately enhanced bind- 
ing, none of these media demonstrated an effect on FN binding 
comparable to that of hemoglobin (Fig. 3). 

Characteristics of hemoglobin-induced FN binding in G 
albicans. The addition of less than 0.01%.hemoglobin to either 
LBC or YNB medium significantly enhanced the binding of FN 
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FIG. 2. Effect of protein supplements in YNB medium on FN binding to C albicans. Candida cells were inoculated into 4X YNB simple medium or medium 
containing various protein supplements at a final concentration of 0.1% each and incubated at room temperature for 20 to 48 h with shaking on a rocking platform. 
FN binding activity was assessed as described in the text, and the data are presented as means i standard deviations (n =* 3). Abbreviations; Hb, human hemoglobin; 
IgG, human gamma globulins; Mb, horse heart myoglobin; Gb, human globin; apo-T, apotransferrin; holo-T, holotransfcmn; alpha, a-casein from bovine milk; glyco, 
human a-acid glycoprotein. The insert shows the binding of radiolabeiled BSA, human a-acid glycoprotein, and FN to Candida cells grown in 4x YNB medium with 
(shaded bar) or without (hatched bar) hemoglobin. 



to C dlbic^nsM. plateau was 1 reached at the concentration of 
0.1%, and the resultant binding-activity enhanced by hemoglo- 
bin was higher in YNB than LBC medium. Fresh human he- 
moglobin prepared by hypotonic lysis of washed erythrocytes 
(31> was also ; tested and demonstrated an effect on enhance- 
ment of bindihg 'similar to that of commercial animal hemo- 
globin. No germination occurred when C albicans was grown 
under such conditions. The enhanced FN binding to Candida 
cells grown in; hemoglobin-containing medium was readily de- 
tectable as early as 15 min after incubation with radiolabeiled 
FN^and reached equilibrium at 90 min (data not shown). 
; ; Similar enhancement of binding activity by hemoglobin was 
also i observed in .seven other clinicaL isolates of C. albicans 
tmltured in ^ 1). The enhancement 

by hemoglotyn^iwas consistently greater in YNB medium than 
in LBC medium.vThe specificity oi enhancement induced by 
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/UFIG, -3. Specificity of hemoglobin enhancement of FN binding to C albicans. 
At equivalent molar concentrations of globin subunits or iron, YNB medium was 
supplemented with hemoglobin (Hb), globin (Gb), hemin (He), ferrous ion (Fe), 
or protoporphyrin IX (IX) us indicated. Candida cells were allowed to grow in 
■ thcie defined media? and their FN bfndlrig'actJvity was assessed. Binding data arc 
presented as the means ± standard deviations for three determinations. 



hemoglobin was assessed by an inhibition assay. The enhanced 
binding activity of C. albicans to 125 I-FN was inhibited by 
nonradioactive FN, and this inhibition was dose dependent, 
with a 50% inhibitory concentration of 31 nM. By Scatchard 
analysis, the hemoglobin-enhanced FN binding to Candida 
cells was due to interaction with a single class of receptor [K tt 
= (2.7 ± 0.1) X 10~ 8 M;R = (2.7 ± 0.4) x 10 5 molecules per 
cell]. 

On the basis of the results described above, enhanced bind- 
ing of FN could be due to induction of FN receptor expression 
by hemoglobin or to a direct effect on FN binding of hemo- 
globin bound to the surface of blastoconidia. We therefore 
asked whether the hemoglobin-induced FN binding required 
growth' of C albicans in the presence of hemoglobin. When 
Candida cultures were grown to the stationary phase in hemo- 
globin-free medium and exposed to hemoglobin at a final con- 
centration of 0.1% for 30 min, their binding activity for 125 I-FN 
was. unchanged (data not shown). Similarly, when Candida 



TABLE 1. Enhancement by hemoglobin of FN binding activity in 
C. albicans grown in defined media . 



Strain 



Enhancement of FN binding activity 0 



LBC + Hb 



YNB + Hb 



ATCC 44807 
Ca 103 . 
Cal26 
Cal56 
Ca 180 
Cal95 
Ca 198 
Ca 8621 



5.5 ± 0.3 

1.6 ± 0.1 

1.7 ± 0.3 
2.1 ± 0.1 
2.1 ± 0.2 
3.0 ± 1.0 

1.3 ± 0.3 

1.4 ± 0.2 



20.6 ± 6.1 

3.4 ± 0.3 
18.8 ± 1.4 

5.9 ± 0.6 

10.1 ±0.7 

6.5 ± 0.4 

15.2 ± 0.3 
5.3 ± L0 



" Expressed as the fold increase in FN binding relative to that measured for 
each strain, grown without hemoglobin (Hb), In all strains, binding of FN m 
defined medium without hemoglobin was 1,1 00 to 1,448 cpm in LBC medium or 
9K4 to 1,613 cpm in YNB medium. Data are expressed as means ± standard 
deviations. 
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FIG. 4. Time dependence of induction of FN binding. C albicans cells were 
inoculated in YNB medium in the presence of 0.1% hemoglobin and grown at 
26°C (open circle) or 3TC (solid circle) with shaking. At various intervals, 2 x 
10 ft blastospores were removed from the culture, washed, and incubated with 
radiolabeled FN at a final concentration of 0.5 u-g/ml for 3 h at room temper- 
ature. The radioactivity bound, to the cells was quantified as described in Mate- 
rials and Methods. 
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FIG. 5. Growth of C. albicans in hemoglobin enhances adhesion to immobi- 
lized FN. Chamber Slides were coated with FN at I or 10 u.g/ml in DPBS by 
incubation at 4°C overnight, and unbound FN was removed by washing three 
times with DPBS. Candida cells prepared from cultures with (solid bars) or 
without (hatched bars) hemoglobin in the YNB medium were added to each well 
at a concentration of 2 x 10* CFU/ml and allowed to incubate at room temper- 
ature for 2 h; washing three times with DPBS followed. Attached Candida cells 
were fixed, stained, and counted. Aggregates of more than 4 Candida cells were 
not counted. Numbers of cells attached per square millimeter of surface were 
determined in triplicate and are presented as the means ± standard deviations. 



cells grown in hemoglobin-free medium were incubated with 
I25 I-FN in DPBS containing 0.1% hemoglobin for 3 h, FN 
binding was not enhanced. The acquired enhanced FN binding 
activity only occurred in Candida cells when they were grown in 
medium containing hemoglobin. The expression of FN binding 
activity was time dependent in hemoglobin-containing medium 
(Fig; ^-Candida xellsrgrown at 26°C demonstrated an in- 
creased FN: binding inactivity 10 h after entering the growth 
phase, andapeak;of binding was reached at 48 h which was 
sustained as long as 5 days after inoculation. Similar enhance- 
ment was achieved much sooner when Candida cells were 
allowed to grow at 37°Cf 

The hemoglobin-enhanced FN binding to C. albicans was 
persistent with organisms grown in the hemoglobin-containing 
medium. After growth in medium containing hemoglobin for 
20 to 48 h, Candida cells were transferred to a separate sterile 
tube, ensuring that' no debris or precipitate was carried over, 
centrifuged at 3,000 jX g for; 2 min,; and suspended in fresh 
YNB medium to give an equivalent cell density. The cell pop- 
ulation was not disturbed except for the removal of hemoglo- 
bin in the; medium^Because of an inoculum effect (11, 19), 
further growth of Candida cells was minimal. Twenty hours 
after resuspension in: hemoglobin-free medium, FN binding to 
these transferred Q albicans cells persisted at a level similar to 
that detected immediately after transfer (data not shown). 
However, if only -a fraction (50 to 100 u,l) of the hemoglobin- 
enhanced culture was inoculated into 6 ml of fresh medium 
without hemoglobiirand allowed to grow at room temperature, 
the high; I^N binding; activity was completely reversed in 12 to 
20 h (data not shown), 

Hemoglobin-enhanced adhesion of C; albicans to immobi- 
lized FN or endothelial cells. Growth of C : albicans in medium 
containing hemoglobin enhanced adhesion to immobilized FN 
(Fig. 5). Chamber, -Slides were coated with FN at concentra- 
tions of 1 or 10 u,g/ml. C. albicans ATCC 44807 grown with 
hemoglobin demonstrated a significantly greater adhesion to 
immobilized FN 0.014 by two-tailed * test at 1 u,g of FN 
per mi; P =■ "0.05 at 10 u,g of FN per ml) than those grown in 
YNB medium alone. Candida cells prepared from cultures 
grown in the presence of hemoglobin also demonstrated sig- 
nificantly increased : X^h^! on J° tne apical surface of bovine 
corneal endothelial cells compared with those grown in me- 



dium without hemoglobin (Fig. 6) (P = 0.048), Similar in- 
creased adhesion was also observed in a clinical isolate, Ca 
8621 (data not shown). Adhesion of C. albicans to secreted 
extracellular matrix after removal of the endothelial cells or to 
wells without cells, however, was not altered by growth with 
hemoglobin (Fig. 6) (P = 0.44 and 0.3, respectively). 

DISCUSSION 

We have previously reported that growth of C. albicans in 
Sabouraud broth induces two classes of receptors for FN (27). 
Induction of this phenotype by complex medium is a function 
of the brand and lot of culture medium used and has been 
shown to fluctuate in laboratories (5, 27). Our present results 
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FIG. 6. Growth of C. albicans with hemoglobin enhances adhesion to endo- 
thelial cells. Bovine corneal endothelial cells were grown to confluence on Cham- 
ber Slides as described in Materials and Methods and washed three times with 
DPBS. A suspension of Candida cells prepared from either hemoglobin-en- 
hanced (solid bars) or nonenhanced (hatched bars) cultures in a final concen- 
tration of 2 X 10* CFU/ml was added to each well, and the Chamber Slides were 
incubated at room temperature for 2 h. The wells were washed, the cells were 
fixed and stained, and attached Candida cells were counted microscopically. 
Control represents the background adhesion to slides without endothelial cells, 
Candida cells attached to both supracellular areas and matrix areas where en- 
dothelial cells were mechanically peeled. Aggregates of more than 4 Candida 
cells were not* counted. The results represent triplicate experiments and are 
expressed as means ± standard deviations. 
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^ demonstrate tKat hlgh-molecular-weight components of Sab- 
ouraud broth, probably derived from the Peptamin compo- 
nent, are responsible for this induction. Although defined me- 
dia do not induce FN binding, supplementing these media with 
hemoglobin specifically induced FN binding to C. albicans. 
This induction was consistently observed in a laboratory strain 
and several clinical isolates of C albicans. 

Hemoglobin-induced enhancement of FN binding activity is 
time dependent and reversible. Acquisition of the phenotype 
requires the Candida cells to grow in the presence of hemo- 
globin, and the FN binding activity increases as a function of 
the time after exposure to hemoglobin in a growing status. A 
detectable Increase of FN binding activity was found as early as 
5 h after eritering the growth phase, and a plateau was reached 
at 20 h. The hemoglobin-induced phenotype was retained fol- 
lowing removal of hemoglobin but was reversed if the cells 
were regrowri in a simple medium without hemoglobin. Failure 
to induce the binding following preincubation of blastoconidia 
with hemoglobin* or performing the binding assay in the pres- 
ence of hemoglobin suggests that the increased binding is not 
" simply due to hemoglobin binding to the surface of the yeast 
^and acting as a bridge molecule for binding FN; The small 
enhancement Of FN binding 1 observed with gamma globulins 
(immunoglobulin G) may result from such a bridging event, 
'since antibodies to cell wall components are probably present 
and are known? to bind FN (32). 
^Delivery of iron was considered a potential mechanism for 
;■ induction of FN binding, since both hemoglobin and hemin are 
%able to restore^owth of Candida cells previously inhibited by 
u&ansferrin (24)^ The significance of iron in microbial infection 

- has . long been; observed (4, 28, 35). Extensive: research and 
^clinical obseWadons^demonstrate a vigorous competition for 

- essential: iron between pathogens, including yeasts, and their 
^vertebrate hos% (9);T]ie ability of microorganisms to acquire 

iron is an important component of virulence (4, 28, 35). Iron- 
deprived raedia^limit . the growth bf Candida 'cells (9, 13), 
whereas excess ixbtf ^timulates growth (8, 9, 12). Clinically, 
;increased iron content of skin may enhance susceptibility to 
fungal infection (18); These findings correlated well with a 
recent report that C albicans produced a hemolysin, presum- 
ably to allow, the Candida cells to acquire hemoglobin from 

- host erythrocytes (24); : 

% On the basis of our preliminary results, the hemoglobin- 
induced enhancement of FN binding activity cannot be ex- 
plained merely by its ability to provide the essential nutrient 
iron. Hemin. also, restores growth (24) but does not induce FN 
binding^^iauc^ioniCaused by hemoglobin is specific in that 
other iroh-i^taining proteins, porphyrins, and inorganic iron 
salts lackedjactivity. In/addition, the weak induction by globin, 
alone or mfac^With heme„suggests that a receptor recognizing 
the protein may~ : be expressed on Candida cells. Myoglobin, a 
related prpteini^ith a; physiological function similar to that of 
-hemoglobin'^ sequence identity to hemo- 

globin,, produced^ a weaker and inconsistent effect, indicating 
: thai the nativejeonformation of hemoglobin is specifically rec- 
ognized. Her^oglpbin may deliver iron to the. yeast following 
binding to ^specific, receptor on the surface or transduce a 
. signal followingil?inding to a receptor. Thus, the production of 
a hemolytic fector by C albicans t (24) may enhance pathoge- 
nicity both Jgr ■ providing iron from host erythroicytes and by 
releasirig : <hempglobin V,to enhance FN- binding activity. Al- 
though the exact mechanism of induction of FN binding activ- 
ity J? C?"4W(!:pdkJ?y hemoglobin remains unknown, interac- 
tion? with host. cpHs^were recently demonstrated to alter gene 
expression; ind. signalj transduction, ( in, the yeast (2). - 
g^The influence of culture media, on the activity of antifungal . 



agents (7. 15, 25) and adhesion (5, 34) of C albicans has been 
well described. The activity of ketoconazole against C albicans 
grown in Sabouraud glucose medium varied 1, 000-fold when 
the pH of the medium was increased from 3 to 7 (25). Simi- 
larly, Hoeprich and Finn described obfuscation of the antifun- 
gal activity by six different culture media (15). Of the six con- 
ventional media used, only one was a synthetic formulation 
and the remaining five were complex and undefined. Hoeprich 
and Finn concluded that meaningful data cannot be obtained 
from the susceptibility testing of C albicans in vitro unless the 
potential interaction between antifungal agents and culture 
medium could be standardized by use of a defined culture 
medium (15). Our results clearly demonstrate that using he- 
1 moglobin as a supplement in a defined medium produced a 
higher and more stable induction of FN binding activity in C 
albicans than that produced with complex media or defined, 
unsupplemented medium. In addition, this medium may assist 
in further characterizing the induced FN receptor. 

A potential role of hemoglobin-induced FN binding activity 
in the pathogenesis of C. albicans is suggested by the increased 
adhesion of hemoglobin-induced C albicans to immobilized 
FN and to cultured endothelial cells in vitro. This observation 
combined with the recent report that C. albicans expresses a 
hemolysin suggests that hemoglobin may serve as an important 
regulator of adhesive phenotype following entry of the patho- 
gen into the vascular compartment or a wound (16, 24). Al- 
though the enhanced adhesion to the endothelial cells was not 
proven to be mediated by FN (10), the enhancement was 
specific in that adhesion to extracellular matrix secreted by 
these endothelial cells, which is rich in laminin and heparan 
sulfate proteoglycans (26), was not enhanced by hemoglobin. 
Further investigation will examine the effects of hemoglobin on 
the interaction of C. albicans with other components of the 
extracellular matrix. ; . 
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